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1. The Quest for Precision
Fact I:
We have a discovery!
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1. Motivation & Models
Fact I:
We have an SM-like discovery!
) µSignal strength (
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Fact II:
The SM cannot be the ultimate theory!
Some facts:
1. gravity is not included
2. the hierarchy problem
3. Dark Matter is not included
4. neutrino masses are not included
5. anomalous magnetic moment of the muon shows a ∼ 4σ discrepancy
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Fact I & II:
We have a discovery!
The SM cannot be the ultimate theory!
Conclusion: It cannot be “the SM Higgs”!
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Fact I & II:
We have a discovery!
The SM cannot be the ultimate theory!
Conclusion: It cannot be “the SM Higgs”!
Q: Does the BSM physics have any (relevant) impact on the Higgs?
Q’: Which model?
A1: check changed properties
A2: check for additional Higgs bosons
A2’: check for additional Higgs bosons above and below 125 GeV
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Higgs coupling measurements at e+e− colliders
Initial measurement: σ ×BR
recoil method: e+e− → ZH, Z → e+e−, µ+µ−
⇒ measurement of the Higgs production cross section
⇒ NO additional theoretical assumptions needed for absolute
determination of partial widths
⇒ indirect measurement of total width
⇒ direct extraction of partial widths (couplings)
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(Older) projections: [Snowmass Higgs Report ’13]
⇒ can the sub-percent/permille level be matched by theory?
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Higgs production cross sections:
Higgs-strahlung:
e+e− → Z∗ → ZH
e−
e+
Z
H
Z
weak boson fusion (WBF):
e+ e− → νν¯H
e+
e−
ν¯
ν
W+
W−
H
FCC-ee:
√
s ∼ 240(−350) GeV, Higgs-strahlung dominated
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e+e− → ZH:
δσexpHZ ∼ 0.4%
full one-loop available, corrections of 5-10%
rough estimate: δσtheoHZ ∼ 1% from missing two-loop corrections
Two-loop corrections for 2→ 2 can in principle be done . . .
O (αtαs) corrections: 1.3% [Y. Gong, Z. Li, X. Xu, L. Yang ’16 ]
⇒ theory uncertainties sufficiently small
e+e− → νν¯H:
small contribution . . .
Partial two-loop calculation (with closed fermion loops)
can in principle be done . . .
⇒ theory uncertainties sufficiently small
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rough estimate: δσtheoHZ ∼ 1% from missing two-loop corrections
Two-loop corrections for 2→ 2 can in principle be done . . .
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⇒ theory uncertainties sufficiently small ⇐ in the SM! BSM worse!!
e+e− → νν¯H:
small contribution . . .
Partial two-loop calculation (with closed fermion loops)
can in principle be done . . .
⇒ theory uncertainties sufficiently small ⇐ in the SM! BSM worse!!
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2. SM recap
− The SM is the “best calculated” model
− The SM has the smallest theory uncertainties
− The SM is the “best case scenario”
− The SM is not correct
− Next best calculated model: MSSM, . . .
⇒ details about the SM precision: talk by M. Spira yesterday
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Decay width theoretical uncertainties: General recipe:
[LHCHXSWG BR group ’15]
1. Parametric Uncertainties: p±∆p
− Evaluate partial widths and BRs with p, p+∆p, p−∆p
and take the differences w.r.t. central values
− Upper (p+∆p) and lower (p−∆p) uncertainties summed in
quadrature to obtain the Combined Parametric Uncertainty
2. Intrinsic Uncertainties (missing higher-orders):
− Calculate uncertainty for partial widths and corresponding BRs for
each intrinsic uncertainty
− Combine the individual intrinsic uncertainties linearly to obtain the
Total Intrinsic Uncertainty
⇒ estimate based on “what is included in the codes”!
3. Total Theory Uncertainty:
Linear sum of the Combined Parametric Uncertainty and the
Total Intrinsic Uncertainties
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Intrinsic uncertainties for decay widths:
“FCC-ee” = expected precision on g2Hxx
Partial width QCD electroweak total future FCC-ee
H → b¯b ∼ 0.2% < 0.3% < 0.4% ∼ 0.2% ∼ 1.0%
H → cc¯ ∼ 0.2% < 0.3% < 0.4% ∼ 0.2% ∼ 1.7%
H → τ+τ− – < 0.3% < 0.3% < 0.1% ∼ 1.3%
H → µ+µ− – < 0.3% < 0.3% < 0.1% ∼ 15%
H → gg ∼ 3% ∼ 1% ∼ 3.2% ∼ 1% ∼ 2%
H → γγ < 0.1% < 1% <1% < 1% ∼ 3.6%
H → Zγ <∼ 0.1% ∼ 5% ∼ 5% ∼ 1%
H →WW → 4f < 0.5% < 0.3% ∼ 0.5% <∼ 0.4% ∼ 0.5%
H → ZZ → 4f < 0.5% < 0.3% ∼ 0.5% <∼ 0.3% ∼ 0.4%
Γtot ∼ 0.3% ∼ 1%
⇒ non-negligible for H →WW/ZZ → 4f
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Future parametric uncertainties for decay widths:
decay fut. intr. fut. para. mq para. αs para. MH FCC-ee
H → b¯b ∼ 0.2% 0.6% < 0.1% – ∼ 1.0%
H → cc¯ ∼ 0.2% ∼ 1% < 0.1% – ∼ 1.7%
H → τ+τ− < 0.1% – – – ∼ 1.3%
H → µ+µ− < 0.1% – – – ∼ 15%
H → gg ∼ 1% 0.5% – ∼ 2%
H → γγ < 1% – – – ∼ 3.6%
H → Zγ ∼ 1% – – ∼ 0.1%
H →WW <∼ 0.4% – – ∼ 0.1% ∼ 0.5%
H → ZZ <∼ 0.3% – – ∼ 0.1% ∼ 0.4%
Γtot ∼ 0.3% ∼ 0.4% < 0.1% < 0.1% ∼ 1%
Γtot applies “to all” (partial cancelations . . . )
⇒ non-negligible in particular for H →WW/ZZ → 4f (δmb optimistic?)
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Again one more word of caution:
The above numbers have all been obtained assuming the SM as
calculational framework.
The SM constitutes the model in which highest theoretical precision for
the predictions of EWPO can be obtained.
We know that BSM physics must exist! (DM, gravity, . . . )
As soon as BSM physics will be discovered, an evaluation of the Higgs
predictions in any preferred BSM model will be necessary.
The corresponding theory uncertainties, both intrinsic and parametric, can
then be larger (as known for the MSSM).
A dedicated theory effort (beyond the SM) would be needed in this case.
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3. (N)MSSM Higgs Decays [F. Domingo, S.H. S. Passehr, G. Weiglein ’18 ]
⇒ Please: repeat this excercise in your favorite model! Not EFT . . .
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The MSSM:
⇒ Superpartners for Standard Model particles
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Enlarged Higgs sector: Two Higgs doublets
H1 =

 H11
H21

 =

 v1+ (φ1+ iχ1)/√2
φ−1


H2 =

 H12
H22

 =

 φ+2
v2+ (φ2+ iχ2)/
√
2


V = m21H1H¯1+m
2
2H2H¯2 −m212(ǫabHa1Hb2+h.c.)
+
g′2+ g2
8︸ ︷︷ ︸ (H1H¯1 −H2H¯2)2+
g2
2︸︷︷︸ |H1H¯2|2
gauge couplings, in contrast to SM
physical states: h0, H0, A0, H±
Goldstone bosons: G0, G±
Input parameters: (to be determined experimentally)
tanβ =
v2
v1
, M2A = −m212(tanβ + cotβ )
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Enlarged Higgs sector: Two Higgs doublets with CP violation
H1 =

 H11
H21

 =

 v1+ (φ1+ iχ1)/√2
φ−1


H2 =

 H12
H22

 =

 φ+2
v2+ (φ2+ iχ2)/
√
2

 eiξ
V = m21H1H¯1+m
2
2H2H¯2 −m212(ǫabHa1Hb2+h.c.)
+
g′2+ g2
8︸ ︷︷ ︸ (H1H¯1 −H2H¯2)2+
g2
2︸︷︷︸ |H1H¯2|2
gauge couplings, in contrast to SM
physical states: h0, H0, A0, H± ⇒ re-enters via loop corrections!
2 CP-violating phases: ξ, arg(m12) ⇒ can be set/rotated to zero
Input parameters: (to be determined experimentally)
tanβ =
v2
v1
, M2H±
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Z3 invariant NMSSM
MSSM Higgs sector: Two Higgs doublets
H1 =

 H11
H21

 =

 v1+ (φ1+ iχ1)/√2
φ−1


H2 =

 H12
H22

 =

 φ+2
v2+ (φ2+ iχ2)/
√
2


V = (m˜21+ |µ |2)H1H¯1+ (m˜22+ |µ |2)H2H¯2 −m212(ǫabHa1Hb2+h.c.)
+
g′2+ g2
8
(H1H¯1 −H2H¯2)2+
g2
2
|H1H¯2|2
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Z3 invariant NMSSM
NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet
H1 =

 H11
H21

 =

 v1+ (φ1+ iχ1)/√2
φ−1


H2 =

 H12
H22

 =

 φ+2
v2+ (φ2+ iχ2)/
√
2


S = vs+ SR+ ISI
V = (m˜21+ |µ/λS|2)H1H¯1+ (m˜22+ |µ/λS|2)H2H¯2 −m212(ǫabHa1Hb2+h.c.)
+
g′2+ g2
8
(H1H¯1 −H2H¯2)2+
g2
2
|H1H¯2|2
+ |λ(ǫabHa1Hb2) + κS2|2+m2S|S|2+ (λAλ(ǫabHa1Hb2)S +
κ
3
AκS
3+h.c.)
Free parameters:
λ, κ, Aκ, MH±, tanβ, µeff = λvs
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Higgs spectrum:
CP−even : h1, h2, h3
CP−odd : a1, a2
charged : H+, H−
Goldstones : G0, G+, G−
Neutralinos:
µ→ µeff
compared to the MSSM: one singlino more
→ χ˜01, χ˜02, χ˜03, χ˜04, χ˜05
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Mass of the lightest CP-even Higgs:
m2h,tree,NMSSM = m
2
h,tree,MSSM+M
2
Z
λ2
g2
sin2 2β
Mass of the CP-odd Higgs:
MSSM :M2A = −m212(tanβ + cotβ ) = µB(tanβ + cotβ )
NMSSM : ”M2A” = µeffBeff(tanβ + cotβ )
with Beff = Aλ+ κ s, µeff = λ s ⇒ one very light a1
Mass of the charged Higgs:
MSSM :M2H± =M
2
A+M
2
W =M
2
A+
1
2
v2g2
NMSSM :M2H± =M
2
A+ v
2
(
g2
2
− λ2
)
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Mass of the lightest CP-even Higgs:
m2h,tree,NMSSM = m
2
h,tree,MSSM+M
2
Z
λ2
g2
sin2 2β
Mass of the CP-odd Higgs:
MSSM :M2A = −m212(tanβ + cotβ ) = µB(tanβ + cotβ )
NMSSM : ”M2A” = µeffBeff(tanβ + cotβ )
with Beff = Aλ+ κ s, µeff = λ s ⇒ one very light a1
Mass of the charged Higgs:
MSSM :M2H± =M
2
A+M
2
W =M
2
A+
1
2
v2g2
NMSSM :M2H± =M
2
A+ v
2
(
g2
2
− λ2
)
⇒MMSSM,treeh1 ≤M
NMSSM,tree
h1
, one light a1, M
MSSM,tree
H± ≥M
NMSSM,tree
H±
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The FeynHiggs Ansatz for masses (taken from talk by [P. Drechsel ’16] )
General idea: treat the MSSM part exactly as in the MSSM
⇒ any deviation from the MSSM can directly attributed
to the extended model!
⇒ kind of obvious, but only FeynHiggs does it . . .
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The FeynHiggs Ansatz for masses (taken from talk by [P. Drechsel ’16] )
General idea: treat the MSSM part exactly as in the MSSM
⇒ any deviation from the MSSM can directly attributed
to the extended model!
⇒ kind of obvious, but only FeynHiggs does it . . .
⇒ same Ansatz for Higgs decays!
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What is included in FeynHiggs (so far):
Evaluation of all MSSM Higgs boson masses and mixing angles
• Mh1,Mh2,Mh3,MH± , αeff, Zij, Uij, . . . ⇒ precision disussed before
Evaluation of all neutral MSSM Higgs boson decay channels (so far)
• total decay width Γtot
• BR(hi → ff¯): decay to SM fermions: full 1L, running mq at 3L, Zij
• BR(hi → Z(∗)Z(∗),W (∗)W (∗)): decay to massive SM gauge bosons:
Prophecy4f ⊕ coupling factors, Uij
• BR(hi → γγ, gg): decay to massless SM gauge bosons:
NLO QCD, gg: NNLO, NNLL from SM, Uij
• BR(hi → hjZ(∗), hjhk): decay to gauge and Higgs bosons:
hjZ
(∗): Uij, hjhk: full 1L, log-resum, Zij
• BR(hi → f˜if˜j): decay to sfermions: Uij
• BR(hi → χ˜±i χ˜∓j , χ˜0i χ˜0j ): decay to charginos, neutralinos: Uij
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FeynHiggs “workflow”:
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Idea for this work: [slide from F. Domingo]
In the future: FeynHiggs 3.0
⇒ few numerical examples for the Higgs decays
⇒ Please: repeat this excercise in your favorite model! Not EFT . . .
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Bringing the NMSSM to the same level: NMSSM in the MSSM limit
[slide from F. Domingo]
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Bringing the NMSSM to the same level: NMSSM [slide from F. Domingo]
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Overall (N)MSSM Higgs decay uncertainty estimates
• hi → qq¯: SM-like: SM NNLO QCD, EW NNLO, SUSY 2L: ∼ 5%
heavy: as SM-like, Sudakov logs: ∼ 5− 10%
• hi → ℓℓ¯: SM-like: <∼ 1%
heavy: Sudakov logs for very heavy Higgses <∼ 10%
• hi →WW (∗), ZZ(∗): SM-like: <∼ 1%
heavy: missing 2L (very small width): <∼ 50%
• hi → γγ, gg, γZ: γγ: NNLO QCD, EW: <∼ 4%
gg: NNLO QCD, EW: <∼ 4%
γZ: NLO: ∼ 5%
• hi → SUSY SUSY: [S.H., C. Schappacher ’14-’16]
1L effects 10− 20%, 2L?
• all decays: Uij, Zij: few %, effects close to threshold?
⇒ approaching LC precision for SM-like Higgs (not for heavy Higgses yet)
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4. Conclusinos
• High precision prediction for cross sections and branching ratios
are crucial for coupling constant determination
• Predictions (in the SM and MSSM) needed at/below the per-cent level!
• (Relevant) Higgs production cross sections:
SM: precision can be reached - with an additional dedicated effort
Known O (αtαs) corrections: 1.3%
MSSM: full one-loop exists, no two-loop yet
NMSSM: likely similar to MSSM, no calculation exist
• (N)MSSM Higgs decays:
SM-like Higgs: approaching LC precision
heavy Higgses: much larger uncertainties (exp. situation unclear)
• Please: repeat this excercise in your favorite model! Not EFT . . .
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